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(57) Abstract 



A wireless conununication system transmits data on multiple carriers simultaneously to provide ftequency diversity. Carrier 
interference causes a narrow pulse in the time domain when the relative phases of the multiple carriers arc zero. Selection of the frequency 
separation and phases of the carriers controls the timing of the pulses. Both time division of the pulses and ftcquency division of the carriers 
achieves multiple access. Carrier interferometry is a basis from which other commimication protocols can be derived. Frequency hopping 
and frequency shifting of the carriers does not change the pulse envelope if the relative frequency separation and phases between the carriers 
are preserved. Direct sequence CDMA signals are generated in the time domain by a predetermined selection of carrier amplitudes. Each 
pulse can be sampled in different phase spaces at different times. This enables communication in phase spaces that arc not detectable by 
conventional receivers. The time-dependent phase relationship of the carriers provides automatic scanning of a beam pattern transmitted 
by an antenna array. In waveguide communicadons. the carrier frequencies and phase space may be matched to the chiumatic dispersion 
of an optical fiber to increase the capacity of the fiber. 
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MULTIPLE ACCESS METHOD AND SYSTEM 

Fidd of the Invention 

The present invention relates to a novel muhicarrier spread-spectrum protocol for wireless and 
waveguide communications and radar. 

Background of the Invention 

MuhJpath &ding is the fluctuation in a received signal's amplitude* It is caused by interference ^ 
between two or more vo-sions of the transmitted signal that arrive at a receive at diifo^ times. This 
int^erence results from reflections from the ground and nearby structures. The amount of multipath 
fading depends on the intensity and propagation time of the reflected signals and tiie bandwidth of the 
transmitted signal. The received signal may consist of a large number of w&ves having different 
amplitudes, and phases, and angles of arrival. These components combine vectcn-ally at the receiver and 
cause the received signal to fade or distort. 

The &ding and distortion change as the receiver and other objects in the radio environment move. 
These multipath effects dq>end on &e bandwidth of the signal being transmitted. If the transmitted signal 
has a narrow bandwidth (Le., tfie duration of the data bits transmitted is longo- than the delay resulting 
from multipath reflectionsX then the received signal exhibits deep &des as the receiver moves in a 
multipath environment This is known as flat &ding. A significant amount of power control (ag. 
increasing the transmit power and/or the receiver gain) is needed to compensate for deq> &des. In 
addition, low data-rate signals expmence distortion if the characteristics of the radio enviromnent change 
significantly during the duration of a received data bit The distortion is caused when movement of the 
receiver or nearby objects results in a Doppler frequency shif^ of the received signal that is comparable to 
or greater than the bandwidth of the transmit signal 

A wideband signal transmitted in a multipath environment resuhs in a frequency-selective fiide. 
The overall intensity of the received signal has relatively littie variation as tiie receiver moves in a 
mult^)ath environment However, the received signal has deep &des at certain frequencies. If the duration 
of the data bits is smaller than tiie muttipatfa delay, the received isignals experience intersymbol 
interference resulting fix>m delayed replicas of earlio- bits anivuig at the receive. 

Frequency Division Multiple Access (FDMA) typically suffers from flat fading whereas 
muhicarrier protocols, such as Orthogonal Frequency Division Multiplexing (OFDM), suffer from 
fiequem^-selective &ding. CDMA typically suffa^ frcan both; however the direct sequence coding limits 
the eGfects of multipath to delays less than the chip rate of the code. Also, CDMA's capacity is limited fay 
multi-user interference. Improved CDMA systems use interference cancellation to increase capacity; 
however, the required signal processing effort is proportional to at least the cube of the bandwidtii. 
Furthermore, CDMA is susc^tible to near-&r intoference, and its long pseudo-noise (PN) codes require 
long acquisition times. For tiiese reasons, OFDM has been morged with CDMA. 
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OFDM has a high spectral efiRciency (the spectrum of the subcarriers overlap) and combats 
frequency-selective &ding. Howevw, the amplitude of each carrier is affected by the Rayleigh law, hence 
flat feding occurs. ThCTefore, good channel estimation with an appropriate detection algorithm and 
channel coding is essential to compensate for fading. The performance of OFDM frequency divmity is 
5 comparable to the performance of an optimal CDMA system's muUipath diversity (which requires a Rake 
receiver). Because diversity is inherent in OFDM, it is much simpler to achieve than in an <^timal CDMA 
system. An OFDM system benefits from a low^-speed paraUel type of signal processing. A Rake 
receiver in an optimal CDMA system uses a fest serial type of signal processing, which results in greater 
power consumption. In addition, the OFDM technique simplifies the channel estimation problem, thus 
10 simplifying the receive- design. 

In multicarrier CDMA, a spreading sequence is converted from serial to parallel. Each chip in the 
sequence modulates a different carrier frequency. Thus, the resulting signal has a PN-coded structure in 
the fr'equency domain, and the processing gain is equal to the numb^ of carriers. In multi-tone CDMA, 
the available spectrum is divided into a number of equiwidth frequency bands that are used to transmit a 
1 5 narrowband direct-sequence waveform. 

Frequency-hopping spread spectrum can handle near-far interference welL The greatest benefit is 
that it can avoid portions of the spectrum. This allows the system to b^er avoid int^erence and 
frequency-selective &(ies. Disadvantages include the requirement for complex frequency synthesizers and 
error correction. 

20 Time hopping has much higher bandwidth efficiency compared to direct sequence and frequency 

hopping. Its implemOTtation is relatively simple. However, it has a long acquisition time and requires 
error correction. 

Each communications protocol presents different benefits and disadvantages. Braefits can be 
increased by merging difrerent protocols, but only to a limited degree. There is a need for a protocol that 
25 solves all or most problems, especially those associated with &ding. 

Summary of the Invention 

The prmciple object of the present invention is to provide a protocol tiiat achieves the combined 
benefits of the previously mentioned protocols. Another object is to present a spread-spectrum protocol 

30 that is specifically designed for mobile communications. These objects are accomplished by 

interferometry of multiple carriers. The protocol enabled by the present invention is Carrie Interfereoce 
Multqile Access (CIMA). In CIMA, the frequency and phase of each carritr is selected so diat the 
siqjerposition of the signals results in a pulse (constructive interference resulting from a zero-phase 
relationship between the carriers) that occurs in a specific time intoval. The resuhing signal has side 

35 lobes whose amplitudes are far below the amplitude of the pulse. Thus, orthogonality is achieved in the 
time domain. 
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Because the carriers exist within the time interval where superposition yields a negligible signal 
level, it can be concluded that the pulse exists in a different phase space. This phase space is defined as a 
time (phase) ofiEset between the carriers. The oflfeet enables the pulse to be observed in a specific time 
interval. A receiver tuned to multiple phase spaces can generate multiple samples of the CIMA signal. 
5 Thus, CIMA enables signals to be processed simultaneously as both low and high data-rate signals. This 
mitigates the muhipath problems inherent in botii classes of signals and enables the system to function 
widi substantially reduced signal poww levels. Furthermore, if the CIMA carrim are pulse-amplitude 
modulated such that the sup^position does not result in a pulse in zero-phase space, then the CIMA 
signals are visible only to CIMA receivers tuned to a nonzero-phase space. Conventional radio receivers 
1 0 can not detect these signals. 

In a dispersive mediimfi, such as an optical fiber, the phase space of a CIMA transmission may be 
selected to match the chromatic dispersion along a predefined length of the medium. The effect of the 
dispersion is that the phases of the carriers align, resulting in a pulse occurring in the medium at a 
predefined position. 

15 The time*dependent nature of CIMA phase space also enables automatic scanning of an antenna 

array's beam pattern. If each element of an antenna array transmits a CIMA carrier, the array's beam 
pattern scans with a period that depends on the frequency spacing of the carriers and the separation 
between the antenna elemoits. 

CIMA may be used to create any of the protocols previously mentioned. It is an objective of the 
20 present invention to provide methods and apparatus for transmitting and receiving CIMA signals. To this 
end, the following objectives are achieved: 

An objective of the invention is to reduce the effects of multipath &ding and interfmnce. A 
consequence of this c^jective is the reduction in required transmission pow^-. 

Another objective is to provide secure communications by creating transmissions that are difficult 
25 to intercept because they are nearly impossible to detect The low power requiremrats of the carriers and 
the transmission of the carriers in nonzero-phase spaces accomplish this. 

Another objective of tiie invration is to reduce intraference to other systems and minimi ze the 
susc^tibility of the conununication system to all types of radio interf^ence. 

Another objective of the invention is to minimize and compensate for co^bannel interfiorace that 
30 occurs v/hen the communication system serves multiple users. 

Anodier objective is to provide a spread-spectrum conamunication protocol that is not cmly 
compatible with adaptive antenna arrays, but enables substantial advances in antenna-array technologies. 

Anoth^ objective is to enable a spread-spectrum communication system to have the performance 
benefits of a resource-limited system, the capacity and graceful degradation benefits of an interfCTence- 
35 limited system^ and the ability to provide the benefits of both systems simultaneously. Further objectives 
and benefits of the inv^tion will become apparent in the Description of the Preferred Embodiments. 
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Brief Description of the Drawings 



FIG. 1 is a schematic of a transmitter that generztGS CIMA signals. 

FIG. 2 is a second embodiment of a transmitt^ that generates CIMA signals. 

FIG. 3 is a schematic of a transmitter that generates CIMA carriers emitted by an antenna array. 

FIG. 4 is a plot of a plurality of CIMA carri^ and a supoposition of the carriers. 

FIG. 5 A is a plot of eight CIMA carriers that shows the relative phases between the carriers as a function 

of time and illustrates the phase spaces rq^resented by the relative phases. 

FIG. SB is a time-domain plot of a superposition of the carri^ signals shown in FIG. 5A. 

FIG. 6 is a polar plot in time of a superposition of the carriers shown in FIG. 5A. 

FIG. 7 is a flow diagram fc»* a receivo" that receives a CIMA signal and samples the signal in muitq)le 

friiase spaces. 

FIG. 8 shows part of a frequency profile for a group of CIMA carriers. 

FIG. 9A through 91 shows a beam pattern produced by the transmitter in FIG. 3 at different times. 
FIG. 10 is a frequency-shifted feedback cavity that includes a traveling-wave cavity and a frequency- 
shifring device through which optical signals are circulated 

FIG. 1 1 shows different CIMA signals as they propagate down an optical fiber where the phase of&ets of 
the carriers are matched to the chromatic dispersion properties of the fiber. 

FIG. 12 A is a plot of the relative frequency- versus-amplitude profile of CIMA carriers that generate a 
direct sequence CDMA chip sequence in the time domain. 

FIG. 12B is a time-domain representation of a direct sequence CDMA signal generated by the CIMA 
carriers shown in FIG. 12A. 

Description of the Preferred FTnhodii( nefits 

FIG. 1 shows a flow diagram of a CIMA transmit!^ that converts a baseband information signal 
for a single user k to a CIMA signal for transmissioiL Data received from an input data source 12 
modulates a number N of CIMA carriers, which have different carrier fr^equencies. This modulation 
occurs at a plurality of carrier mbcers Mil In this case» the frequencies of tbe CIMA signals are 
incrementally spaced by a shift frequency ^. However, non-uniform spacing of the frequencies may also 
be used to achieve ^ecific benefits desoibed in U.S. Pat Appl. #09/022,950, ^ch is incorporated 
herein by reference. The carrier frequencies are typically chosen to be orthogonal to each other: 



where Tc is the chip duraticm, coj and (Oj are the i and j carrier frequencies, and <|>t and are arbitrary 
phases. A signal in the J*^ frequency band does not cause interference in the i**^ frequency band. However, 
(Kthogonality of the waveforms is not required if the signals transmitted are resource limited. 




0 
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The phase of each CIMA signal is set with respect to a pred^ermined receiver time isxtervstl and 
phase space in which the CIMA signals constructively combine when received by a CIMA receiver. An 
incremental phase ofifeet of e"***fc is applied to each CIMA carrier by one of a plurahty N of us^-interval 
delay systems 16n. Each CIMA carrier has its gain adjusted by an amplitude-control system 18n. The 
amplitude control 1 8n provides a gain profile to the CIMA signals. This profile may include a tapered- 
amplitude window with respect to the frequency domain, compensation for flat feding of CIMA carriers 
in the communications channel, and pulse-amplitude modulation of the CIMA carriers (which limits the 
existence of the carriers to temporal regions near a predetermined receiver time interval for each carrier). 
The gain-adjusted CIMA signals are sunmied by a combining system 20. A frequency convoter 22 may 
be used to convert the CIMA signals to the appropriate transmit fr^uencies, wiiich are conveyed to a 
output couple 24. 

The output coupler 24 is any device that couples CIMA transmit signals into a communications 
channel from which CIMA signals are received by a receiver. For radio communications, the output 
coupler 24 may include one or more antenna elements (not shown). For optical communications, the 
output couplo- 24 may be a lens or sunple coupling element that couples light into an optical fiber. 
Although this diagram illustrates the generation of CIMA transmission signals as step-by-step procedures, 
a prefOTed embodiment for accomplishing these processes is to use digital signal-processing techniques, 
such as Discreet Fourier Transforms. 

The order of some of these processes may be switched. For example^ modulation of each CIMA 
earner by tiie ii^ut data may be the final step before combining. FIG. 2 shows a flow diagram for 
genoating CIMA signals. Each of these processes is similar to the processes shown in FIG. I. The 
difTerence between the diagrams is that in FIG, 2, the CIMA signals are not combined until they are 
transmitted into the communications channeL An illustration of this is shown in FIG. 3. 

FIG. 3 shows a data stream from the data source 12 being used to modulate a plurality of CIMA 
carriers at a plurality of mixers 25n. A CIMA carrier with a specific frequency, phase relationship and 
gain profile is input to each mixer 25n. Each bit fix>m the data source 12 modulates all of the CIMA 
carriers. Each mbccr 25n is connected to one of a plurality of antenna-array elements 24n; thus, each 
antenna element 24n transmits only one CIMA carrier. Although the collection of CIMA carriers has data 
redundancy due to the same bit being modulated onto multiple carriers, the frequency and phase 
relationships between the carriers cause orthogonality in time (illustrated by the Invade Fourier 
Transform of the CIMA carriers in the fi^quency domain). This orthogonality negates the typical decrease 
m bandwidth efficiency caused by data redundancy and retains the benefits of frequracy diversity. The 
orthogwiality results from constructive and destructive intCTf^ence between the CIMA carriers. 
Constructive interfM-ence causes narrow time-domain pulses with a repetition rate proportional to the 
inverse of the carrier-frequency spacing fj. 
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FIG. 4 illustrates how the phase fronts of CIMA carriers are aligned at a specific time. At other 
times, the carriers combine destructively resulting in undetectable signal levels. A composite signal 130 
results from the summation of the carriers. The composite signal 130 shows a pulse envelope occurring in 
a predetermined time interval 135. In the case where there is no amplitude tapering (i.e., a rectangular 
window) and the CIMA carriers are uniformly spaced in frequency, a composite CIMA signal is: 



The CIMA signals are periodic with pmod 1/^ for odd number of carriers N and with poiod 2/fa 
for even numb^ of carriers N. The main lobe has duration and the N-2 side lobes each has a 
duration 1/Nfs. The amplitude of the 1*^ side lobe with respect to the main lobe amplitude is: 



Because the period and width of the pulse envelope depends on the amplitude, phase, and frequency 
separation of the CIMA carriers, the frequency of each carrio: may be changed without affecting the pulse 
envelc^ as long as the amplitude, phase» and frequency separation are preserved. Thus, frequency 
hopping and frequency shifring of the carriers does not affect the temporal characteristics of the 
composite signal 130. Providing a tapered amplitude distribution to the CIMA carriers broadens the main 
lobe width and reduces the amplitude of the side lobes. 

FIG- 5A illustrates the phase space of the carriers shown in FIG. 4. As time moves forward, the 
phase relationship b^ween the CIMA carriers changes. A straight line 113 indicates a zero-phase 
relationship between the carries. The sum of the cmi&s are viewed in a specific phase space. A pulse 
occurs when there is a zero-phase relationship between all the carriers, yet the carriers can exist in other 
time domains even if no pulse is visible. When the pulse moves into this phase space (wliich it does as a 
periodic function of time), the pulse becomes visible. Zero-phase is the phase space in which all 
conventional receives operate. This phase space is illustrated by the sum of carrier amplitudes along any 
straight line that rotates about a fixed point 1 12. The sum of the an^>litude of the waves along the line 1 13 
as it rotates is shown in FIG. SB and in a polar plot iUustrated by FIG. 6. 

In FIG. 5 A, a curved line 1 1 1 illustrates cme of fte many phase spaces in which a pulse may be 
observed. This phase space 111 occurs within a time interval that is bounded by lines 115 and 1 17. In this 
time interval, the amplitude of the composite signal 130 (shown in FIG. 53) is negligible. Howev^, a 
receiver may tune to a specific phase space by selectively delaying each of the received carriers by a 




which has a magnitude of: 




40= 



Nwi{jrQ + l/2)/N) 
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predetermined amount before summing the carriers. In tiiis way, a receiver may detect a pulse that is 
otherwise invisible in zero-phase. 

FIG. 7 shows a single-user phase-space receiver that is capable of sampling in multiple phase 
spaces. A received CIMA signal is detected fix)m the communications channel by a receiving element 52 
5 and down-converted by a mixer 54 before being separated into its N component carries by a frequency 
fitter 56. Depending upon how the transmit signal may have been altered by the communications channel, 
one of a plurality of gain compensators (not shown) may apply a gain compensation to each component n. 
Then each gain-compensated component is split into a number M of delay components, each of which is 
delayed by a phase-space delay compensator 60nm. The output of each m-numba*ed delay con^jonent is 
10 summed at a combining step 62 to reconstruct pulses obsa^ed in c^er phase spaces. Each pulse may be 
delayed at a delay step 64m to synchronize the pulses before being summed in a decision step 66 that 
outputs an estimate of the original transmit signal. In practice, the delay step 64m may be integrated into 
the decision step 66. 

This receiver obtains multiple samples of the pulse because it tracks the pidse through diffident 

15 phase spaces. Thus, the receiver benefits from the relatively slow data rate (Le., pulse pmod) of the 

CIMA carriers which combine to create the pulses. This remedies the muhipath problem of mtersymbol 
interference. The short duration of each pulse allows the receivo* to avoid the &ding and distortion 
problems inherent in systems that receive slowly varying signals and the flat &ling associated with 
narrowband signals. Although tiie pulse is comprised of many narrowband CIMA carriers, flat &ding 

20 (which causes very deep &des) is avoided because the CIMA pulse depends on the interference patten 
between a large numb^ of CIMA carriers. Furthotnore^ if the number of and spacing between the CIMA 
earners are appropriately chosen, it is unlikely that more than one CIMA carrier is located in a deep fede. 
Thus, fi^uency diversity is achieved. 

Each user k can share the communication resource through a unique selection of die phase offset 

25 (Le., thning of&et) while employing the same carriers as other users. If N orthogonal carrim are shared 
by each user k, dien N users may use the resource widiout co-channel interference. In this case, there is a 
unique combinatk)n of i^iase space with respect to time for esLch user k. Simiiarb^, users employing 
dfffo^ CIMA carriers may use the same phase space with respect to time without co-channel 
interference. Because the pulse characteristics d^end on the frequency and phase relationships between 

30 the CIMA carriers, the frequency and phase of each CIMA signal may be changed without altering the 
charactOTStfcs of the pulse envelope as long as those relationships between the CIMA carriers r^nain 
unchanged. This enables a transmitt^ to frequency hop to avoid int«ference ot enhance security. 

Separation 4, between the CIMA carries for each user may be selected as shown in FIG. 8 such 
that it exceeds the coherence bandwidth (i.e., the inverse of the multipath duration). This results in 

35 frequency nonselective fading over each carrier. If the adjacent CIMA carrio-s overlap in frequency by 
50%, the system capacity increases by two-fold above the classical limitation imposed by non- 
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overlapping carriers. Such a system docs not have independent channel-&ding charactmstics over each 
carrier. Howcvct, CIMA carriCTS do not need to be adjacent in frequency. The system can attam N-fold 
frequency-diversity gain by using a subset of carrier frequencies fcM- each set of users such that the carrier 
separation fs for each user k exceeds the coherence bandwidth. For example, m the frequency profile 
5 shown in FIG. 8, a s^ of nonadjacent carrier fi-equencies 42, 43, and 44 may be selected for a particular 
group of usCTs. This frequency profile allows both time of&ets and frequency division multiplexing to 
optimize bandwidth efficiency. If the bandwidth of each carrier is small compared to the carrier 
separation unauthorized interc^tion of the CIMA signal by a broadband receiver is more difficuh. The 
amount of background noise received by a receiver depends on the bandwidth of the receive-. A CIMA 

10 receiver may be tuned to receive CIMA carriers at predetermined narrow bands in which the signal-to- 
npise ratio (SNR) is relatively large. However, a broadband receiver receives noise componwits in the 
spectrum between the CIMA carriers, resulting in a low SNR. 

If the number of users k exceeds tiie numbo- of CIMA carriers N, the timing offset of each user k 
can be selected to position the CIMA pulses to minimize the mean square cross correlations between the 

15 pulses. User signals may also be positioned relative to the type and priority of each user's communication 
channel This ensures quality of service for specific users or types of transmissions. This also provides the 
quality of a resource-limited system when the number of users is at or below tiie classical limit of a 
resource-limited system and provides mterforence-limited operations when demand exceeds the classical 
limit. 

20 Although the receiver shown in FIG. 7 is described as a single-use- receive-, a preferred mode of 

opmtion is muhi-use* detection. Unlike direct-sequence CDMA where each usct contributes noise to 
every other user's communication channel, CIMA limits multi-user interference to user signals (pulses) 
that are nearby in the time domauL In the prefOTcd mode of operation, the receiver samples adjacent user 
signals in as few as two neighboring user time intervals. Then it performs a weight and sum ui the 

25 decision step 66 to cancel those contributions to the intended use's signal 

The separation d betweei the antenna elements 24n of the transmitte 70 (shown in FIG. 3) 
results in an flyinnithfll variation of the beam patten produced by the array 24n due to the time-dependent 
phase-space characteistic of the CIMA signal. In othe words, as the phase space of the CIMA signals 
changes with time, the beam pattern of the array 24n scans. The time dspeadsace of the beam pattern's 

30 directionality is shown by the following beam-pattern equation: 

D(t) =^a„ cos((q>o + na>,)t + 2md sm&/\) 

whee as is the amplitude of each CIMA carrie, ©o + ncOs is the radial frequency of the n*** CIMA carrie, 
K is the CIMA carrie wavelength, 0 is the azimuthal angle, and d is the sq>aration between the array 
elements 24n. This characteristic of the CIMA beam patten may further enhance the divmity benefits of 
35 CIMA, Priw art shows that changing the beam pattern of a transmitting antenna aids in diversity 
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reception. Plots of the beam pattmi equation D(t) are shown in FIGS.9A through 9L fcff d = Xo /2 and 
incremental values of time t DifT^ent values for separation d result in changes to the number of main 
lobes and the rate at \^ich they scan. Adjusting the firequ^cy s^aration changes die directionality 
D(t), 

FIG. 1 0 shows a frequency-shifted feedback cavity (FSFC) 70 that can be used to gen^-ate CIMA 
signals. A base-frequency generator 72 produces an optical base frequency fo signal Srom which 
frequency-shifted signals are created. The base-frequency signal is input to a travelluig-wave cavity 74 
that includes a fi^uency shifr^ 76. The frequency shifts 76 may be an acousto-optic modulator (AOM). 
As light circulates through the cavity 74, it is shifted in frequency by an amount fs each time it passes 
through the frequency shifter 76. The travelling-wave cavity 74 does not selectively attenuate fi^uencies. 
Rather, the oscillations it supports are charactoized by an unusually broq^d spectral output, that has no 
mode structure, A portion of the light is output from the cavity to a muMcarria- processor 78. For 
example, an AOM (not shown) diffracts light passing through it; the light is then fed back into the cavity 
74. An undififracted pcution of the beam provides a convenient output. The ou^ut of the processor 78 is 
conveyed to an ou^ut coupler (not shownX for example, an antenna, a focusing element, or a connector 
to an optical fiber. 

The output beam consists of multiple beams of incrementally delayed, frequency-shifted light 
The amount of delay incurred by each output beam ccHnponent is identified by the frequency of the 
conqx>nent If the cavity 74 does not cause the light to undergo a significant amount of chromatic 
dispmion, the amount of delay incurred by an output component is substantial^ proportional to the 
amount of frpequency shift the beam has incurred. The muhicanira' processor 78 may include diffractive 
optics to wavelength demultiplex iho output components. If the base-frequency genoator 72 modulates 
the optical base signal with an information signal, the ou4>ut of the nrnhicarrier processor 78 includes 
multiple delayed (and s^uuated) versions of the modulated signal. Each of the delayed versions of the 
modulated signal may be used to modulate a transmit signal emitted by each of the antenna array 
elements 24n shown in FIG. 3. If each array element 24n emits a transmit signal having the same 
distribution of fiequmcies, the directionality of the beam pattmi produced by die array 24n does not 
change in time. Rather, the directionality can be adjusted simply by changing the length of the travelling- 
wave cavity 74. 

The FSFC 70 may also be used as a receiver for sampling received CIMA signals in nonzero- 
phase spaces. This requires that the frequency shift ^ by the fr-equency shifter 76 match the frequency 
separation of the received CIMA signals. Light ou^ut from the FSFC 70 is s^>arated by wavelength to 
identify the diffo-ent phase-space samples of the received CIMA signal These phase spaces will be 
substantially linear if the cavity 74 does not cause chromatic dispersion. Linear phase space sampling 
matches the phase spaces of the received signals provided that fo » N^fa. 
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The FSFC 70 shown in FIG. 10 may be used to generated CIMA signals for transmission through 
an optical fiber or waveguide. In this mode of opwation, the frequency generator 72 produces an 
unmodulated optical base signal. The output of the travelling-wave cavity 74 is a collinear supCTposition 
of CIMA carriers and is easy to couple into an optical fiber. Thus, the muhicarrier processor 78 does not 
5 separate the components. The multicarrier processor 78 modulates the CIMA signals with an mformation 
signal that has a predefined duration in the time domain. The timing and duration of the information 
signal can be chosen to compensate for chromatic dispersion of the CIMA carriers as they propagate 
through the fiber. 

Chromatic dispersion occurs in an optical fibar as different wavelengths of light travel at diff«*ent 
10 speeds. Optical fib^ has different indices of refraction for different wavelengths of light The speed of 
light in the mat^ial is inv«^ely prc^rtional to the index of refraction, Ifi material disp^sion, light with a 
long wavelength travels &st^ than light with a shorter wavelength. This causes distortion (broadening) of 
optical pulses transmitted through an optical fiber. 

FIG. 4 shows the phase relationship between CIMA carriers as a CIMA signal propagates in a 
15 nondispCTsive medium. As the CIMA carriers propagate through space, CIMA pulses do not distort 

because the phase relationships between the carriers do not change except for their periodic relationship. 
For example^ a receiver moving at the speed of the carriers detects no changes in the relative phase of the 
carriers. Another way of describing this is that two stationary receivers may be spaced apart by an mteger 
number of pulse periods, and they detect the same phase relationships between the CIMA carriers. 
20 Howevar, in a dispersive medium, the two stationary detectors d^ect different phase relationships 

because some of the carries have traveled further in phase. The following equation shows the diffia-ence 
in wavelength between adjacent CIMA carriers: 

fM+f.) 

This is a nonlinear relationship in which the wavelength difference between adjacent CIMA carriCTs 
25 increases as the wavelength of each carrio* increases. This is illustrated by a phase profile 123 of carrier 
maxima in FIG. 4. The frequency separation ^ is selected with respect4e4he dispmion characteristics of 
an optical fiba* 150 to match the velocity profile of the carriers with their phase profile. Then portions of 
the carrim are selected to constructively combine to create CIMA pulses at predetmnlned locations 
along the fiber 150. 

30 The CIMA carriers are pulse-amplitude modulated in a time interval 133 in which the phase 

profile 123 occurs. In that time interval 133, the composite signal 130 resulting from the sum of the 
carri»*s is negligible. As the carriers propagate through the fiber 150, the relative phases of the carries 
change. During a later time intaval 135, the carrier signal phases line up at a specific time 125, which 
results in constructive int«fQ*ence that causes a pulse to occur in the composite signal 130. At later time 
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intervals 127 and 129, the low- wavelength carriers have traveled slightly farther, resulting in distorted 
phase profiles 137 and 139, respectively. The composite signal 130 in these time intervals returns to zero. 

FIG. 1 1 shows a plurality of composite CIMA signals along a dispersive optical fiber 150. Three 
signals 160, 170, and 180 are input at one end of the fiber 150. The phase profile of the first signal 160 is 
selected such that the CIMA carries combine constructively to produce a pulse 1 6 1 at a first node 151. 
The first CIMA carries 160 combine destructively to produce low-level signals 162 and 163, at second 
and tiiird nodes 152 and 153, respectively. Similarly, the carrier phases of the second signal 170 are 
selected to produce a constructively interfering signal 1 72 at the second node 152. Likewise, the carrier 
phases of the third signal 180 are selected to provide constructive interference 1 83 at the third node 1 53. 
By making use of the nonlinear dispersion of light in an optical fiber, it may be possible to expand the 
usable bandwidth of the optical fiber beyond classical limitations. 

FIG. 12A shows an amplitude distribution for twenty CIMA carriers. These carriers produce a 
combined signal shown in FIG. 12B consisting of a pseudo-random sequence of positive and negative 
CIMA pulses. Thus, a particular distribution of carrier amplitudes in the frequency domain results in a 
direct-sequence CDMA code that is periodic in die time domain. When CIMA signals are used as the 
basis for a CDMA system, the CDMA system gains the advantages of reduced multipath and intersymbol 
int^erence, increased capacity, and reduced co-channel int^erence. Because CIMA signals are sine 
functions, they have high autocorrelation efficiency. The autocorrelation function falls off rapidly when 
synchronization is lost 

The preferred embodiments demonstrate a few of the many mediods for generating and receiving 
CIMA signals. This was dcMie to provide a basic und^standing of the characteristics of CIMA. With 
respect to this understanding, many aspects of this invention may vary^ for example, the methods used to 
create and process CIMA signals. It should be understood that such variations fall witfain the scope of the 
present invention, its essence lying more fundamentally with the design realizations and discoveries 
achieved than the particular designs developed. 

The foregoing discussion and the claims that follow describe the preferred embodiments of the 
present invention. Particularly with respect to the claims, it should be und^stood that changes might be 
made without dqwting from the essence of the inv^ition. In this regard, it is intended that such changes 
still &11 within the scope of the present invention. To the extent such revisions utilize the essence of the 
present invention, each naturally fells within the breadth of protection encompassed by this patent. This is 
particularly true for the jvesent invention because its basic concepts and understandings are fundamental 
in nature and can be broadly applied 



wo 99/41871 



PCT/US99/02838 



12 

I claim: 

1 . A method of communication between at least one transmitt^ and one receiver using cania-- 
interference multiple-access (CIMA) communication signals, the method comprising the st^s of: 

• providing for the gen«-ation of a plurality of electromagnetic carrier signals for use by at least one 
user, the carrier signals having a plurality of frequencies, 

• providing a relative phase to the carriers to produce a predefined phase relationship at a 
predetermined time, 

• providing modulation of the carrier signals by an infoimation signal, 

• providing for transmission of the modulated, phased carrier signals into a conmmnications 
channel to produce CIMA transmit signals having carrier-signal components, and 

• providing for recq)tion of the CIMA transmit signals from the channel wherein the carrier-signal 
components are combined in phase to produce at least one constructiv^interference pulse that is 
indicative of the information signal. 

2. The method of communication recited in claim 1 wherein the carrier signals are incrementally spaced 
in frequency. 

3. The method of conununication recited in claim 1 wherein the step of providing for the gen^ation of a 
plurality of electromagnetic carrier signals includes the generation of a plurali^ of groups of cairiers 
having identical sets of carrier frequencies, each group being assigned to one of a plurality of users, 
and the step of providing a relative phase to the carriers includes providing a unique relative phase to 
the carriers of each group who-ein each group has a unique time offset in order to generate pulses that 
are received at different time into^ais. 

4. The method of communication recited in claim 1 wherein the stq> of providing for the generation of a 
plurality of electromagnetic carrier signals includes the generation of a plurality of groups of carriers, 
each group having a unique set of carrier frequencies and being assigned to at least one usor, and the 
step of providing a relative phase to the carriers includes providing a relative phase to each group 
such that a plurality of users receives pulses in the same time interval but each user uses different 
carrier frequencies. 

5. The method of conununication recited in claim 1 wh^ein the step of providing for the genmtion of a 
plurality of electromagnetic carrier signals having a plurality of frequencies includes the step of 
providing variations to the carrio' frequencies with respect to time who'ein the frequency variations 
for each carrier in a group of carrio's corresponding to each user are substantially identical, thereby 
causing little or no change to the envelope of the pulse. 

6. The method of communication recited in claim I wherein the step of providing modulation of the 
carrier signals comprises pulse amplitude modulation being applied to a plurality of the carrim, the 
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pulse amplitude modulation having a duration that is longer than the pulse width of the constructive- 
interf^ence pulse. 

7. The method of communication recited in claim 1 whmin the step of providing modulation g£ the 
carrier signals comprises pulse amplitude modulation being applied to a plurality of the carries, the 
pulse amplitude modulation having a duraticm that is shorter than the period of the constructive- 
interference pulse, 

8. Hie method of communication recited in claim 1 wh^ein the step of providing for the generation of a 
plurality of electromagnetic carri^ signals includes tapering the frequency-versus-amplitude window 
of the carrier signals to reduce time-domain side-lobe ens-gy of the constructive-interference pulse. 

9. Hie method of communication recited in claim 1 wherein the step of providing for recq3tion of the 
CINfA transmit signals includes the stq> of providuig a number of predetermined delays to each 
received carrier signal before combining to produce the constructive-interference pulse where the 
number of predet^mined delays is equal to the number of different phase spaces in which the 
received CIMA transmit signal is sampled. 

10. The method of communication recited in claim 1 wherein the step of providing modulation of the 
carrier signals by an information signal is performed in a specific time interval relative to the phase of 
the carrion such that the resulting modulated earners occupy one or more nonzero-phase spaces and 
do not combine constructively in zero-phase space to produce a pulse. 

1 1 . The m^od of communication recited in claim 1 wherein the step of providing for reception of the 
CIMA transmit signals includes con^>ensating for the relative phases of the carriers in at least cme of 
the nonzero-phase spaces in order to combine the earner signals in phase. 

12. The method of conununication recited in claim 9 wh^ein multi-user intoference is sampled in the 
different phase spaces and then weighted and combined with an intended user signal to cancel 
contributions of the multi-user interference to the intended user signal. 

13. The method of communication recited in claim 1 wherein the step of providing for the generation of a 
plurality of electromagnetic carrier signals is performed by a frequency-shifted feedback cavity. 

14. The method of communication recited in claim 1 wherein the step of providing for reception of the 
CIMA transmit signals is performed by a frequency-shifted feedback cavity. 

15. The mediod of communication recited in claim 1 wherein the communications channel is a 
waveguide. 

16. The method of communication recited in claim 15 wherein the electromagnetic carrier signals are 
optical signals and the waveguide is an (^ical fiber. 

17. The method of communication recited in claim 15 wherein the steps of providing for the genoation 
of a plurality of electromagnetic carrier signals and providing a relative phase to the carriers to 
produce a predefined phase relationship are performed to match the relative phas» b^ween the 
cani&rs to the chromatic disp^ion profile of the carriers in the waveguide such that the dispersion 
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causes the carrier phases to have a predetCTimned phase relationship after propagating a 
predetermined distance in the waveguide. 

1 8. The method of communication recited in claim 1 wherein the step of providing for transmission of the 
modulated, phased carrier signals includes transmitting the carriers fixjm a transmitter array wiira-ein 

5 each carria* for a particular user is transmitted from a separate transmitter element of the array and an 

array beam pattern is generated from the superposition of transmitted carriers from each of the 
transmitter elements. 

19. The method of communication recited in claim 18 wherein a separation between the transmitto- 
elements is selected with respect to the carria* frequency separation to control the shape of the array 

10 beam pattern and the period in which the array beam pattern scans. 

20. The m^hod of communication recited in claim 1 wherein the step of providing a relative phase to the 
carriers results in a train of pulses in the time domain and the step of providing modulation of the 
carrier signals results in modulating each of the pulses with a direct sequence chip such that the 
modulated train of pulses is a direct-sequence code. 

15 21. The method of communication recited in claim 20 wherein the direct-sequence chip is the product of 
an information signal and a chip of a pseudo-random CDMA spreading code. 

22. The method of communication recited in claim 1 whra-ein die step of providing fcH* reception of the 
CIMA transmit signals includes multi-uso- detection in which user signals from an mtended user and 
at least one int^ering vscr are received whwe the tntCTfering user signals are weighted and combined 

20 with the intended us^s signal to cancel the interfering user signals to the intended user's signals. 

23. The method of conmiunication recited in claun 1 wherein the step of providing a relative phase to the 
carriers to produce a predefined phase relationship at a predetermined time results in at least two 
received constructiv&-inter&rence pulses that ova-lap in time. 

24. The method of conununication recited in claim 1 who'ein the step of providing a relative phase to the 
25 cairia^ to produce a predefined phase relationship at a predetermined time includes a decision step 

that allows for at least two received constructive-interference pulses to overly in time when the 
number of users or channel usage increases beycHid a predetermined limit 

25. The method of conmiunication recited in claim 24 wha-ein the decision step includes a step of 
identifying the usm and assigning a priority to each user that is used to determine \^ch user signals 

30 are be selected to overlap in time. 

26. The method of communication recited in claim 1 wherein the carrier fiiequencies for each user are 
s^arated by an amount ihat is equal to or greater than the cohorace bandwidth of the 
communication chaimeL 

27. A carrier-interference nmltiple-access (CIMA) communication system for providing communication 
35 b^een at least one transmitter and one receiver comprising: 

• a CIMA transmitt^ comprismg: 
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- a muhicarrio- generator for genOTting a plurality of electromagnetic carrier signals for use by 
at least one user where the carrier signals are incrementally separated in frequency, 

- a delay controller to cause a jffedefmed phase relationship between the carriers at a 
predetermined time, 

5 - a carrier modulator to modulate Ae carrier signals widi an information signal, and 

- an output couplCT for coupling the modulated, phased carrier signals- into a communications 
channel to produce CIMA transmit signals having carrier-signal components 

• a CIMA receive fcH- receiving the CIMA transmit signals from the channel, providing a 

predetermined delay to each of the carrier signal components and combming the carrier-signal 
10 components in phase to produce at least one constructive-intoference pulse that is indicative of 

the information signal. * 

28. The CIMA communication system claimed in Claim 27 wherein the CIMA receive samples within at 
least one predetmnined time interval to receive at least one pulse in zero-phase space. 

29. The CIMA communication system claimed in Claim 27 v^lierein the CIMA receiver sanples a usee 
15 signal in a plurality of phase spaces at different times and combines the samples in a signal estimator 

that estimates the information signaL 

30. The CIMA communication system claimed in Claim 27 wh«^in the CIMA receiver is a multi-user 
detector that samples one or more interfoTng user signals that mtafere with an intended uses*s signal, 
weights the sampled interfering signals, and combines the sampled interfmng signals with the 

20 intended user's signal to cancel multi-user interference. 

31. The CIMA communication system claimed in Claim 27 v^lierein die multicarrier genaator is a 
frequency-shifted feedback cavity. 

32. The CIMA communication system claimed in Claim 27 herein the communications channel is a 
waveguide. 

25 33. The CIMA communication system claimed in Claim 27 wherein the ou^ couplw is an array of 
transmitters. 

34. The CIMA wMnmunication system claimed in Clann 33 wterein each element of the airay transmits a 
s^arate carrier signal for each user, Aereby creating a time-dependent beam pattern for each user, 
and the multicarrier generator controls the frequency separation of the carriers to control the scan rate 

30 of each beam pattern. 

35. The CIMA communication system claimed in Claim 27 y^/hmm the carrier signals are non-unifOTmly 

separated in frequency. 

36. The CIMA communication system claimed in Claim 27 wherein one or more fimctions of at least one 
of the transmitter and the receiver are perfOTmed by digital signal processing. 

35 37. The CIMA communication system claimed in Claim 27 wherein the receiver provides gain 
adjustment to at least one of the carriCT signal componaits to comprasate for flat fading. 
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38. The CIMA communication systrai claimed in Claim 27 wherein the multicanier generatcx- provides a 
tapered amplitude to the carrim to reduce sidelobes. 

39. The CIMA communication system claimed in Claim 27 wh^ein the carria- modulator applies pulse- 
amplitude modulation to the carrio- signals. 

5 40. The CIMA communication system claimed in Claim 39 wherein the pulse-amplitude modulation is 
applied in a predetermined time interval relative to the phases of the carriers to produce one or more 
CIMA transmit signals diat occupy one or more nonzero phase spaces and do not combine 
constructively in zero-phase space. 

41 . The CIMA communication system claimed in Claim 40 who-ein the conununications channel is a 
10 waveguide and the frequency separation and the relative phases of the carriers within a pulse- 

anq>litude modulated envelope are selected to match the chromatic dispersion of the waveguide for 
causing a predetomined phase relationship between the carriers to occur after propagating a 
predetermined distance in the waveguide. 

42. The CIMA conmiunication system claimed in Claun 27 \dierein the receiver is a frequency-shifted 
1 5 feedback cavity. 

43. The CIMA conmiunication system claimed in Claun 27 wherein the multicarrier genorator provides a 
predetermined amplitude to each carrier signal to generate a train of pulses having a direct-sequence 
modulation. 
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